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ness	 in	each	100‐m	elevational	band	was	 counted	along	 the	elevational	 gradients	
of	each	subregion.	Pearson's	correlation	analyses	and	ordinary	 least	squares	 (OLS)	










































tern	 is	 hump‐shaped	 (50%),	 and	 other	 researchers	 also	 confirmed	


















ship	has	been	established	between	 temperature	 and	 species	 rich‐
ness	for	many	 large‐scale	diversity	patterns	 (Hawkins	et	al.,	2003)	




sity	 patterns	 (Hawkins	 et	 al.,	 2003).	 The	 precipitation	 hypothesis	
predicts	 that	 species	diversity	 increases	with	 increasing	precipita‐
tion	 (Rosenzweig,	 1992),	 though	 the	 relationship	between	 species	
diversity	and	precipitation	varies	 from	region	 to	 region.	 Indirectly,	
precipitation	affects	productivity	trends	that	in	turn	affect	species	
diversity	(Gentry,	1988).
The	 productivity	 hypothesis	 states	 that	 species	 diversity	 in‐
creases	 with	 productivity	 (Bailey	 et	 al.,	 2004),	 but	 there	 is	 some	
contradiction	to	this	as	other	research	suggests	that	after	a	certain	
point,	 increasing	 productivity	 actually	 correlates	 with	 a	 decrease	
in	 diversity	 (Grytnes,	 2003).	 Traditionally,	 productivity	 has	 been	
assumed	 to	 decline	 with	 elevation	 (Rosenzweig,	 1992),	 but	 many	
studies	have	demonstrated	a	peak	in	productivity	at	mid‐elevation,	
corresponding	to	a	local	peak	in	water	availability.	Another	hypoth‐
esis	 predicts	 that	 the	 positive	 relationship	 between	 diversity	 and	
productivity	is	due	to	the	ability	of	highly	productive	areas	to	sup‐
port	more	 individuals	within	a	community,	and	 thus,	more	species	
(Srivastava	 &	 Lawton,	 1998).	 Alternatively,	 high	 productivity	 may	
result	 in	 increased	 availability	 of	 critical	 resources	 and	 therefore	
support	more	species.
The	area	hypothesis	 states	 that	 larger	areas	can	support	more	
species.	 In	 mountains,	 the	 species–area	 relationship	 predicts	 that	
sections	of	the	montane	gradient	covering	more	area,	for	example,	





described	 as	 one	 of	 the	 global	 biodiversity	 hotspots	 of	 the	world	
(Marchese,	2015),	or	as	the	“roof”	of	Africa	(Behrens,	2010),	receives	
humid	air	from	the	Atlantic	Ocean	and	dry	air	from	the	Indian	Ocean,	
resulting	 in	 great	 climatic	 differences	 between	 the	 west	 and	 the	
east.	The	western	slope,	affected	by	humid	air	and	high	evaporation	
from	 the	 swampy	plains	 of	 the	 Sudd	 in	 South	 Sudan,	 is	 therefore	
humid,	while	 the	 eastern	 slope,	 in	 contrast,	 is	 affected	by	dry	 air,	









K E Y W O R D S
breeding	birds,	climate,	elevational	gradients,	horn	of	Africa,	mountain,	productivity,	species	
richness








There	 is	 no	 published	 analysis	 of	 variation	 in	 species	 richness	
across	 the	 Horn	 of	 Africa	 region,	 including	 of	 factors	 driving	 the	
variation	 along	elevational	 gradients,	 other	 than	a	botanical	 study	
(Friis	 &	 Lawesson,	 1993)	 and	 a	 global	 study	 of	 variation	 of	 avian	
species	diversity	on	elevational	 gradients	 (Quintero	&	 Jetz,	2018),	
which	 includes	 data	 from	our	 study	 region.	 Taxon	 diversity	 is	 the	
number	of	all	taxonomical	groups	of	birds	at	different	geographical	
and	 environmental	 variations.	 These	 variations,	 including	 the	 pro‐
portion	 and	 distribution	 of	 different	 avian	 orders,	may	 contribute	
to	differences	in	richness	patterns	among	subregions,	for	instance,	






























F I G U R E  1  Map	of	the	Horn	of	Africa	region,	to	the	left	the	topography‐based	subdivision	of	eastern	and	western	slopes	and	to	the	right	
the	precipitation‐based	subdivision	of	the	wet	and	dry	sides
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2.1.1 | Division of the study area
The	Horn	of	Africa	is	dominated	by	the	isolated	mountain	massif	of	














Mountains	 (with	 Harenna	 Forest	 and	 other	 large	 forest	 tracts	 of	
foothill	 forest)	 in	 the	 southern	 part	 of	 the	 east‐draining	 slope	 are	







dry	 and	wet	mountains	within	 the	 same	biogeographical	 province	
(Figure	1).	The	western	slope	comprises	the	most	humid	part	of	the	
region	while	eastern	slope	comprises	the	most	arid	parts,	but	with	





from	 a	 highland	 sinks	 down	 into	 deep	 valleys	 (usually	 during	 the	
night,	and	then,	the	morning	sun	warms	up	the	upper	slopes	and	the	
cold	air	is	therefore	trapped	in	the	valley),	and	then,	the	horizontal	
mist	 layer	 is	 formed	 in	 the	 valleys,	 on	 the	 transition	 between	 the	
cold	and	the	warm	air.	This	mist	zone	helps	to	maintain	humidity	in	
the	valleys,	even	at	times	of	the	year	when	there	is	little	rainfall.	The	




is	 found	 in	 the	ecosystems	of	Ethiopia	 and	neighboring	 countries,	
which	are	similar	to	the	nearest	Ethiopian	ecosystem,	and	the	diver‐
sity	of	vegetation	types	in	Ethiopia	is	considered	to	be	an	ecosystem.	
























We	 constructed	 four	 subregional	 datasets,	 namely	 the	 western	
slope,	eastern	slope,	wet	 side,	and	dry	 side,	with	 three	 taxonomic	
groupings	(all	birds,	passerines,	and	nonpasserines).
Since	 regional	 data	 often	 need	 standardizing	 or	 sampling	 eval‐
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experience	and	by	using	the	 local	bird‐watching	guides	 in	 the	Horn	
of	Africa	 by	 considering	 low	 data	 sampling	 from	 below	1,000	m	 in	











We	 calculated	 the	 annual	 mean	 temperature	 (AMT),	 hereafter	
“temperature”;	 annual	 precipitation	 (AP),	 hereafter	 “precipitation”;	
and	mean	temperature	annual	range	(TAR),	hereafter	“temperature	
range,”	 in	 each	 elevational	 band	 based	 on	 monthly	 records	 from	
Climatologies	at	High	Resolution	for	the	Earth's	Land	Surface	Areas	
(CHELSA)—free	 climate	 data	 at	 high	 resolution	 (30	 arc	 seconds;	
http://chelsa‐clima	te.org/)	 for	 the	 years	 1979–2013	 (Karger	 et	 al.,	






















Shapiro–Wilk	 and	 Anderson–Darling	 tests	 (Razali	 &	 Wah,	 2011;	
Shapiro	 &	Wilk,	 1965).	 All	 response	 variables	 and	 all	 explanatory	












lection.	We	used	Neyman–Pearson	correlation	 to	examine	 the	 re‐









gressions	depending	on	 the	 relationship	with	species	 richness	and	
individual	magnitude	variation	from	single	 linear	regression	results	





between	species	 richness	and	elevation	to	assess	 the	 form	of	ele‐
vational	 distribution	 patterns	 of	 species	 richness	 for	 each	 species	
group	(Table	S4).
We	used	SPSS	version	20	for	the	VIF	and	Pearson's	correlation;	
R	 software	 version	 3.4.3	 (R	 Development	 Core	 Team,	 2017)	 for	
OLS	regression;	and	PAST	3.14	(Hammer,	Harper,	&	Ryan,	2001)	for	
the	normality	 test,	 linearity	 test,	polynomial	 regression,	and	graph	
representation.
3  | RESULTS
From	 the	whole	 region,	 we	 found	 626	 breeding	 bird	 species	 be‐
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3.1 | Elevational patterns of species richness
On	 the	 eastern	 slope,	 the	 species	 richness	 follows	 a	 hump‐
shaped	pattern	with	 a	 rapidly	 increasing	diversity	 up	 to	 a	 peak	
at	 c.	 1,200–1,700	 m	 and	 a	 moderate	 decrease	 up	 to	 4,000	 m	
(Figure	2).	 The	eastern	 slope	diversity	 is	 high	 in	 the	Rift	Valley	
toward	the	Bale	Mountain	slopes,	including	Ahmar	Mountain	and	




of	 220	 species	 up	 to	 1,000	m,	 then	 a	marked	 increase	 up	 to	 a	
peak	 at	 2,200	m	 followed	by	 a	 rapid	decrease	 above	 that	 level	
(Figure	2).	 This	means	 that	 the	 species	 richness	 increases	 from	




and	 the	 wet	 side	 both	 showed	 hump‐shaped	 species	 richness	
patterns	 (Figure	 2),	with	 peaks	 ranging	 from	1,200	 to	 1,500	m	
and	1,400	to	2,300	m,	respectively.	However,	the	diversity	curve	
indicates	 that	 the	Bale	Mountain	areas	are	now	 included	 in	 the	
western	(humid)	zone	(see	Figure	1).	All	datasets	showed	hump‐








Passerines	 and	 nonpasserines	 show	 virtually	 identical	 pat‐








Based	 on	 single	 linear	 regression,	 temperature	 decreases	
by	 0.6°C/100	 m	 in	 the	 Horn	 of	 Africa	 region	 in	 all	 subregions	
(r2	=	.999,	p	<	.000;	Figure	3).	Productivity	(EVI	and	NDVI)	showed	
a	hump	shape	with	a	decreasing	pattern	as	elevation	 increased,	
but	 it	 is	 important	to	note	that	high	EVI	and	NDVI	values	in	the	
dry	 lowlands	 represent	 only	 very	 localized	 patches	 of	 riparian	
habitat	 (Google	 Earth	 image,	 2018).	 Precipitation	 increased	 al‐
most	linearly	with	elevation	and	remained	constant	at	the	middle	
and	 then	 decreased	 slightly	 at	 the	 top	 elevations	 in	 all	 subre‐
gions.	However,	 TAR	varied	 among	 subregions;	 for	 example,	 on	
the	western	slope,	it	showed	almost	a	parabola	opening	upward;	
that	 is,	 the	 variation	 is	 at	 both	 ends	of	 the	 elevational	 gradient	
(Figure	3).
3.2 | The relationship between species richness and 
explanatory variables
Bivariate	 analyses	 were	 done	 between	 species	 richness	 and	 fac‐
tors	 (without	 considering	 autocorrelation;	 Table	 S2)	 and	 between	
factors	(Table	1).	Based	on	these	bivariate	analyses,	we	found	spe‐
cies	richness	was	positively	related	to	temperature	range,	area,	and	
productivity	 (EVI)	 in	 western	 slope	 birds;	 temperature	 range	 and	
















variables	 was	 different	 from	 the	 effect	 of	 interacted	 variables	 in	
most	subregions	along	the	elevational	gradient.
4  | DISCUSSIONS





mental	 and	 anthropogenic	 factors	 (van	 Breugel,	 Friis,	 Demissew,	
Lillesø,	&	Kindt,	2016;	Friis	&	Lawesson,	1993).	Recently,	Quintero	
and	 Jetz	 (2018)	 assessed	 elevational	 species	 richness	 in	 a	 global	






predictors	 reflects	 the	 number	 of	 local	 anomalies	 in	 deep	 valleys	
that	intersect	the	highlands;	here,	the	local	topography	will	create	
zones	 of	 anomalous	 temperature	 and	 humidity	 (from	 semi‐stable	
local	mist	 zones)	 that	are	not	 reflected	 in	 the	precipitation	model	
and	not	at	all	in	the	theoretical	model	for	linear	lapse‐based	drops	










allows	 for	permanent	humidity	 just	below	the	escarpment	 toward	
the	high	plateau.
Species	 richness	 patterns	 showed	 hump‐shaped	 patterns	with	
peaks	at	mid‐elevation,	although	slightly	different	elevations	were	
observed	 in	 different	 subregions.	 Western	 slope	 birds	 peaked	 at	
2,100–2,300	m	with	a	small	 range,	while	wet	side	birds	peaked	at	
1,400–2,300	m	with	a	 large	range	because	these	elevation	ranges	
(especially	 1,500–3,400	 m)	 have	 a	 large	 number	 of	 Afromontane	
plant	 species	 at	 these	 elevations	 and	 a	 distinction	 between	 a	
F I G U R E  2  Different	species	richness	patterns	for	breeding	bird	groups	in	the	Horn	of	Africa	region
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lower	 and	 a	 higher	 altitude	Afromontane	 forest	 tree	 flora	 (Friis	&	
Lawesson,	1993).	Species	richness	patterns	are	known	to	differ	be‐












in	 the	warm	 lower	montane	zone.	Presumably,	 species	diversity	 is	
highly	concentrated	in	lush	local	environments	and	is	not	particularly	
TA B L E  2   Interaction	effects	of	environmental	variables	on	the	species	richness	patterns	of	breeding	birds	in	the	Horn	of	Africa	region
Species groups Interacted variables R2 C F df p
Western	slope	all	birds TAR	×	EVI .8688 −3.810	×	10–02 79.45 3 36 6.084	×	10–16
Western	slope	passerine	birds Area	×	EVI .6874 −1.533	×	10–06 26.39 3 36 3.328	×	10–09
Western	slope	nonpasserine	birds TAR	×	Area .819 1.365	×	10–03 54.31 3 36 1.927	×	10–13
Eastern	slope	all	birds TAR	×	NDVI .773 0.03662 45.41 3 40 5.995	×	10–13
Eastern	slope	passerine	birds TAR	×	NDVI .7134 2.351	×	10–02 32.36 3 39 1.132	×	10–10
Eastern	slope	nonpasserine	birds TAR	×	NDVI .7725 0.010227 45.29 3 40 6.252	×	10–13
Wet	side	all	birds TAR	×	Area	×	AP .7214 4.508	×	10–5 12.21 7 33 1.387	×	10–07
Wet	side	passerine	birds NDVI	×	AMT	×	Area .9435 −1.755	×	10–08 76.3 7 32 <2.2	×	10–16
Wet	side	nonpasserine	birds NDVI	×	AMT	×	Area .9603 −1.573	×	10–08 114 7 33 <2.2	×	10–16
Dry	side	all	birds TAR	×	AP	×	AMT .9245 −1.734	×	10–03 52.45 7 30 4.265	×	10–15
Dry	side	passerine	birds TAR	×	AP	×	AMT .9221 −9.288	×	10–04 50.75 7 30 6.7	×	10–15
Dry	side	nonpasserine	birds TAR	×	AP	×	AMT .9264 −8.111	×	10–04 53.97 7 30 2.883	×	10–15
Abbreviations:	AMT,	annual	mean	temperature;	AP,	annual	precipitation;	EVI,	enhanced	vegetation	index;	NDVI,	normalized	difference	vegetation	
index;	TAR,	mean	temperature	annual	range.
TA B L E  1  Pearson	correlation	coefficients	for	environmental	variables	used	in	models	to	analyze	the	species	richness	pattern	of	breeding	
birds	in	the	Horn	of	African	region
Western slope Eastern slope
 AMT AP EVI NDVI TAR Area AMT AP EVI NDVI TAR Area
AMT             
AP −.855**      −.966**      
EVI .578** −.306     .269 −.096     
NDVI .801** −.411** .741**    .358* −.217 .957**    
TAR −.144 −.275 −.450** −.594**   .690** −.622** .633** .703**   
Area .678** −.267 .553** .843** −.536**  .893** −.920** .049 .137 .437**  
Wet side Dry side
 AMT AP EVI NDVI TAR Area AMT AP EVI NDVI TAR Area
AMT             
AP −.967**      −.800**      
EVI −.144 .039     .566** −.083     
NDVI −.290 .164 .876**    .729** −.262 .950**    
TAR .236 −.108 −.622** −.616**   −.124 −.094 −.368* −.318*   





     |  9ABEBE Et Al.
F I G U R E  3  The	relationship	between	elevation	and	predictors	at	all	study	regions	in	the	Horn	of	African	region.	AMT,	annual	mean	
temperature;	AP,	annual	precipitation;	EVI,	enhanced	vegetation	index;	NDVI,	normalized	difference	vegetation	index;	TAR,	mean	
temperature	annual	range
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the	 importance	 of	 climatic	 fluctuations	 in	 driving	 the	 evolution‐
ary	dynamics	of	mountain	biodiversity.	However,	when	 subsam‐
pled,	 species	 richness	 patterns	 decrease	 as	 elevation	 increases	
(Quintero	 &	 Jetz,	 2018).	 In	 contrast,	 the	 accumulation	 of	 many	
species	(with	different	histories)	in	montane	regions	is	first	driven	
by	 stability	 in	 temperature	 and	water	 availability	 in	 certain	 ele‐
vational	 zones.	 Such	 climatic	 stability	may	 also	 allow	bird	popu‐






serines	 show	virtually	 identical	 hump‐shaped	patterns,	 suggesting	
that	this	pattern	holds	for	different	taxonomic	groups	and	generally	




(2002)	 found	similar	 species	 richness	patterns	 for	both	passerines	
and	nonpasserines	in	sub‐Saharan	Africa	region.
However,	 the	 fact	 that	 the	wet	 side	has	more	passerines	 than	
the	dry	side	might	reflect	the	presence	of	complex	topography	that	
creates	local	benign	zones	for	many	cloud	forest	passerines	and	also	





4.2 | The role of climatic factors
Climatic	variables	(temperature	and	precipitation)	influence	patterns	
of	bird	species	richness	directly	or	indirectly	(H‐Acevedo	&	Currie,	
2003).	 As	 the	 elevation	 increases,	 temperature	 decreases	 linearly	
(see	Figure	3;	Barry,	2008;	McCain	&	Grytnes,	2010).	However,	this	
model	 assumes	 a	 uniform	mountain	 slope.	 The	western	 Ethiopian	
Highland	 has	 complex	mountainous	 landscapes	 with	 deep	 valleys	
and	gorges	intersecting	large	highlands,	which	gives	rise	to	complex	
patterns	with	atmospheric	 inversions	and	accumulation	of	cold	air	










range	was	 high	 at	 both	 ends	 of	 the	 gradient	 (low	 and	 high	 eleva‐
tion),	possibly	reflecting	seasonal	variation	in	the	western	lowlands	
near	Sudan	and	 the	Western	Highlands,	 including	mountains	 such	




TA B L E  3  Best	multiple	OLS	regression	model	(p < .05)	for	all	breeding	bird	groups	in	the	Horn	of	African	region	selected	from	all	
combinations	using	the	smallest	AIC	value	(Tables	S5–S16)	and	linear	correlation	of	variables	with	species	richness	(Table	S2)
Species groups Model Variables R2 R2
adj
F df p
Western	slope	all	birds 46 TAR	+	Area	+	EVI .8236 .8089 56.04 3 36 1.22	×	10–13
Western	slope	passerine	birds 46 TAR	+	Area	+	EVI .7977 .7808 47.32 3 36 1.42	×	10–12
Western	slope	nonpasserine	birds 46 TAR	+	Area	+	EVI .6864 .661 27 3 37 9.98	×	10–10
Eastern	slope	all	birds 6 TAR	+	NDVI .7558 .7442 65.01 2 42 1.39	×	10–13
Eastern	slope	passerine	birds 6 TAR	+	NDVI .7026 .6881 48.44 2 41 1.59	×	10–11
Eastern	slope	nonpasserine	birds 6 TAR	+	NDVI .768 .7569 69.5 2 42 4.75	×	10–14
Wet	side	all	birds 29 TAR	+	EVI .7373 .7238 54.73 2 39 4.78	×	10–12
Wet	side	passerine	birds 29 TAR	+	EVI .6493 .6308 35.18 2 38 2.26	×	10–09
Wet	side	nonpasserine	birds 29 TAR	+	EVI .7089 .6939 47.48 2 39 3.55	×	10–11
Dry	side	all	birds 26 Area	+	EVI .4111 .3793 12.92 2 37 5.57	×	10–05
Dry	side	passerine	birds 26 Area	+	EVI .3766 .342 10.87 2 36 0.0002022
Dry	side	nonpasserine	birds 26 Area	+	EVI .4369 .4064 14.35 2 37 2.43	×	10–05
Abbreviations:	EVI,	enhanced	vegetation	index;	NDVI,	normalized	difference	vegetation	index;	TAR,	mean	temperature	annual	range.





it	 is	warm	but	 lush	 vegetation	 and	permanent	water	 supply	 along	





Precipitation	 varies	 greatly	 along	 elevational	 gradients	
(McCain	&	Grytnes,	2010),	while	 in	 the	present	study,	precipita‐
tion	 increased	with	elevation	on	 the	eastern	 slope	and	dry	 side,	
while	 it	 exhibited	 a	 hump‐shaped	 pattern	 on	 the	western	 slope	
and	wet	side	(Figure	3).	Precipitation	was	significantly	correlated	
with	all	species	groups	on	wet	and	dry	sides	because	this	division	
totally	 separates	 the	dry	 from	 the	wet,	 not	 such	as	 the	western	





distribution	 was	 determined	 by	 climatic	 conditions	 such	 as	 gra‐










diversity	 in	 the	 lower	 montane	 zone,	 despite	 low	 precipitation,	
most	likely	because	the	diversity	is	highly	associated	with	riparian	
vegetation	in	the	valleys.
4.3 | The role of available space
Arrhenius	(1921)	published	a	paper	that	forms	the	starting	point	for	






















system	with	 some	measurement	 differences	 and	 is	 a	 good	 deter‐






were	 also	 congruent	with	 bands	 that	 are	 rich	 in	 plants	 that	 show	
productivity	 plays	 a	 great	 role	 in	 shaping	 elevational	 species	 rich‐
ness	in	all	subregions	(Figure	3).	However,	we	have	to	consider	the	
limitation	that	EVI/NDVI	only	reflects	the	greenness	of	vegetation	








lacks	 significance	 relationship.	 Generally,	 the	 environmental	 vari‐
ables	play	a	great	role	in	the	shape	of	bird	species	richness	patterns	
in	the	Horn	of	Africa	region.




conservation	planning	 is	 to	 conserve	as	much	biodiversity	 as	pos‐




montane	species	are	 shifting	 their	 ranges	 in	elevation	 in	 response	
to	 climate	 change.	 Protecting	 elevational	 gradients	 can	 helpfully	
capture	montane	biodiversity	patterns	and	facilitate	species	range	
shifts	(Elsen,	Monahan,	&	Merenlender,	2018).	Tropical	ecosystems	
that	 support	 87%	 of	 the	world's	 bird	 species	 are	 generally	 under	
greater	 pressure	 from	 human	 population	 growth,	 agricultural	 ex‐
pansion,	and	a	host	of	related	factors,	and	many	of	them	are	highly	
susceptible	 to	 habitat	 loss	 or	 climate	 change	 (Tobias,	 Sekercioglu,	
&	Vargas,	2013).	The	Horn	of	Africa	region	is	currently	affected	by	



















may	 be	 particularly	 important	 when	 climate	 change	 occurs	 that	
alter	elevational	distributions	of	agriculture	 (Hannaha	et	al.,	2013),	
human	 populations	 (Seto,	 Güneralp,	 &	Hutyra,	 2012),	 and	 natural	
resources	 (Vörösmarty,	 Green,	 Salisbury,	 &	 Lammers,	 2000).	 The	
two	most	 challenging	 tasks	 for	 conservation	 biologists	 are	 identi‐
fying	the	species‐rich	areas	that	require	protection	and	the	factors	
that	 predict	 species	 richness	 patterns	 along	 elevational	 gradients.	
In	biogeographical	 studies,	patterns	and	peaks	of	 species	 richness	
highlight	 areas	 that	 support	 the	 most	 species.	Many	 of	 the	 most	
fundamental	 questions	 in	 conservation	 require	 knowledge	 of	 the	














to	 Sekercioglu,	 Schneider,	 Fay,	 and	 Loarie	 (2008),	 adaptation	 to	





such	as	Simien,	Choke,	Bale,	 and	Ahmar	 should	be	 focal	 areas	 for	










region	based	on	 topography	and	precipitation.	The	 species	 richness	
patterns	in	each	subregion	showed	hump‐shaped	patterns	with	a	slight	
difference	in	shape	and	peak	positions.	These	differences	come	from	
the	combined	and	 interacted	effect	of	 environmental	 factors,	 espe‐
cially	productivity	and	variation	of	temperature.	Conservation	is	highly	
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